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In the following models, the effect of two cate­
gories of monogenic traits have been examined : 
first, a genetical trait with zygotic effect on the indi­
vidual sensitivity of sex determination to incuba­
tion temperature, and second, a genetical trait with 
maternal effect on the choice of nesting site. In both 
cases, a new allele producing a less female-biased 
sex ratio invades the population. But, the total num­
ber of juveniles is limited and as the sex ratio 
becomes less female-biased, the number of females 
among juveniles is also reduced. If the latter becomes 
too low, the population becomes extinct. 

While taking an evolutionary explanation of the 
maintainance of ESD in crocodilians by the effect 
of group-selection on sex ratio, we looked for the 
possibility of transition between GSD and ESD. A 
population with GSD and CS > 0.44 was checked for 
its capacity to be invaded by a thermo-sensitive 
allele for sex determination. Such an invasion lea­
ding to biased sex ratio cannot occur. Thus, if GSD 
is plesiomorphic (GIRONDOT et al., 1994b), the tran­
sition from GSD to ESD is impossible in the model of 
WOODWARD & MURRAY (1993). 

The female-biases of natural sex ratios in croco­
diles have been described among juveniles of one or 
two particular years and in adult populations (FER­
GUSON & JOANEN, 1982, 1983 ; WEBB & SMITH, 
1984 ; SMITH & WEBB 1985). These biases are so 
important that they cannot be explained by the clas­
sical sex ratio theories (BULL & CHARNOV, 1989). 
The simplest case of these theories is the Fisherian 
principle of sex ratio evolution in which the pri­
mary sex ratio is the 1 male : I female (FISHER, 
1929; SHAW & MOHLER, 1953 ; CHARNOY, 1982). 
This situation has been extended to the special case 
of overlapping generations where the primary sex 
ratio should be also the equality when GSD occurs 
(LEIGH, 1970 ; CHARLESWORTH, 1980). 

In the case of GSD, when overlapping generations 
occur, a mutant will not compete only with the indi­
viduals born at the same time (defined as a cohort), 
but will compete with all the individuals of the 
population. Therefore, the sex ratio which must be 
as close as possible to equality is not the primary sex 
ratio of each particular cohort of the population, but 
a value taking into account all the primary sex ratios 
of all the cohorts of the population, named adult 
primary sex ratio. The importance of adult primary 
sex ratio as the selected sex ratio is confirmed by the 
finding that longevity enhances selection for ESD 
(BULL & BULMER, 1989). Indeed, if the cost of 
ESD was only due to the fluctuations of primary sex 
ratios of each cohort, then the selection process 
should be independent of the longevity of indivi­
duals. This contradiction disappears when conside­
ring the fluctuations of adut primary sex ratio ins­
tead of fluctuations of primary sex ratio of each 

cohort. Indeed, the fluctuations of adult primary sex 
ratio decrease as the number of cohorts to calculate 
it increases. 

Classically, the sex ratio studied for natural popu­
lations is the primary sex ratio of one particular 
nesting season or the sex ratio of all the mature 
individuals in the population, named population 
sex ratio. The primary sex ratio of one particular nes­
ting season results from both the incubation tem­
perature during this year and the genetic polymor­
phism of embryos in their sensitivity to temperature. 
This sex ratio is not informative on the adult pri­
mary sex ratio because the temperature and the dis­
tribution of the nesting regions fluctuate greatly 
from year to year. The population sex ratio is the 
sex ratio of adults in the population. It is dependent 
on the adult primary sex ratio but also on diffe­
rences in the life history bet wen males and females 
(age at maturity, differential survival or migration 
between males and females) (GIBBONS & SEMLITCH 
1982). The main factor changing the population sex 
ratio for long-lived species is the differential sur­
vival between males and females (GIRONDOT & 
PIEAU, 1993) but this factor is unknown for croco­
dilians (WOODWARD & MURRAY, 1993). If the sur­
vival of females is a little higher than the survival 
of males, then the population sex ratio would be 
strongly female-biased even with balanced adult 
primary sex ratio. Therefore, neither the study of the 
primary sex ratio of some particular season nor the 
study of the population sex ratio can be used directly 
to reject the possibility that the adult primary sex 
ratio fall in the classical sex ratio theory, Fishe­
rian (FISHER, 1929 ; SHAW & MOHLER, 1953) or 
selective (CHARNOY & BULL, 1977 ; CHARNOV, 
1982). 

In conclusion, the Woodward and Murray's model 
does not explain the occurrence of ESD in crocodi­
lians nor its long-term persistence if new genetical 
traits (alleles changing the thermosensitivity of 
embryos for sex determination or the nesting beha­
viour of females) are introduced in the populations. 
In the Chama v and Bull's hypothesis, ESD would be 
a character selected due to difference in fitness 
according to sex and temperature of incubation of 
eggs (CHARNOV & BULL, 1977 , CHARNOV, 1982). 
Another hypothesis considers ESD as a quasi-neutral 
trait. Indeed, the only cost of ESD for reptiles would 
be the occurrence of biased adult primary sex ratio. 
This cost is minimized in species with important 
longevity of individuals (GIRON DOT, 1993). 
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APPENDIX I 

Let Q'(EE)(t). Q, (Ee)( t) and Q' (oo)( t ) be respectively the 
number of females of the three genotypes themselves 
incubated in region 1. Let Q2(EE)(t). Q2(Ee)(t) and Q2(ee)(t) 
be respectively the number of females of the three geno­
types themselves incubated in region II. Only (ee) indi­
viduals can differentiate as females in region III , and let 
Q3(ee/(t) this number. As the (E) allele is dom inant and 
fema es have no memory of their own incubation tempe­
rature, let: 

Q'2(E)(t) = Q'(EE)(t) + Q2(EE)(t) + Q' (Ee)( t ) + Q2(Ee)(t) 
Q123(e)lt) = Q '(ee)(t) + Q2(ee)( t ) + Q 3(ee)(t) 

The fractions of females nesting in the three regions are 
(fig. 3) : 

Region I : x , = K, / [K, + Q'2(E)(t) + Q'23(e)(t)] 

Region II : x2 = K2/[K2 + (I - x,)(Q' 2(E)(I) + Q123(e)(t))] 

Region III : x3 = K3/[K3+(I-x , )(l-X2)(Q' 2(E)(t)+Q' 23(e)(t))] 

The density-dependent age-specific maternity functions 
are the average number of offspring (per unit time) suc­
cessfully hatched from eggs laid in region I. 11 or III by 
a female of age a. As the females have the same nesting 
behaviour according to their genotype, the names have 
been abbreviated by simplicity and let : 

Region I : b,[a. Q' 2(E)(t). Q'23(e)(t)] = b, = eS!3(a)x, 

Region ll : b2[a . Q'2(EP). Q' 23(e)(t)] = b2 = eS.fJ(a)(I - x,)x2 

Region Ill : b 3[a.Q'2(E)(t). Q'23(e)(t) ] = b 3 = eS!3(a) 
(l-x,)(I-x 2)x3 

Let p , be the frequency of the (E) allele among sexually 
mature males (a '" 9). Let f ' 2(EE)(a. t ) = f' (EE)(a. t) + 
h(EE)(a. t) and f ' 2(Ee)(a. t) = f ' (Ee)(a. I) + h(Ee)(a. t) be the 
number of genotypic females (EE) and (Ee) respectively 
of age a at the time 1 and born in region r or II . Let 
f'2 3(ee)(a. I) = f ' (ee)(a. t ) + h(ee)(a. I) + h(ee)(a. t) be the 
number of genotypic (ee) females of age a at the time t 

and born in region I. II or III. Genotypic (EE) females give 
(EE) offspring wi th a frequency of p, and (Ee) offspring 
with a frequency of I-p,. Genotypic (Ee) females give (EE) 
offspring with a frequency of p,l2. (Ee) offspring wi th 
a frequency of 112 and (ee) offspring with a frequency 
(l-p,)I2. Genotypic (ee) females give (Ee) offspring with 
a frequency of p, and (ee) offspring with a frequency of 
I-p,. The number of the offspring for each category can 
be computed exactly: 

Region I .' 

Region 1/ : 

Region III .' 

APPENDIX 2 

Let Q'(NN)(t). Q' (Nn)(t) and Q '(nn)(I) be respectively 

the number of females of the three genotypes themselves 

incubated in region 1. Let Q2(NN )(t) . Q2(Nn)(t) and Q2(nn)(I) 

be respectively the number of females of the three geno­

types having been incubated in region II. As the (N) allele 

is dominant and females have no memory of their own 
incubation temperature, let: 
Q '2(N)( t) = Q' (NN)(t) + Q 2(NN)(t) + Q'(Nn)(t) + Q2(Nn)(t) 

Q '2(n)(t) = Q ' (nn)(t) + Q2(nn)(t) 

The fraction of females nesting in the three regions are 
(fig. 5) : 

" 

• 
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< cegion I : xI = KI/[KI + QI2(N)(I) + (I-x2)(l-x,)QI2(n)(I)] 

Region II: x2 = K2/[K2 + (l - xl)QI2(N)(I) + (I - X, )QI2(n)(t)] 

Region Ill: x, = K, /[K,+(I- xl)(I - x2)(Q12(N)(I)+QI2(n)(I))] 

The x l' x2 and x3 values are resolved using successive ite­
rations. The density-dependent age-specific maternity func­
tions are the average number of offspring (per unit time) suc­
cessfully hatched from eggs laid in region I, II or III by a 
female of age a according to its genotype (the names have 
been abbreviated by simplicity) 

Region I: 

(NN) (Nn) bl (N)[a, QI2(N)(t) , Q I2(n)(I)] = bl (N) = CSf3(a)xl 

(nn) bl(n)[a, Q I2(N)(t), QI2(n)(I)] = bl(n) = CSjJ(a)(I - x,) 
(I - x2)xl 

Region II: 

(NN) (Nn) b2(N)[a, QI2(N)(t), QI2(n)(I)] = b2(N) = CSjJ(a) 
(l-xl)x2 

(nn) b2(n)[a, QI2(N)(I), QI2(n/l)] = b2(n) = CSf3(a) (I - x,)x2 

Region III : 

(NN) (Nn) b' (N)[a,QI2(N)(t), QI2(n)(t)] = b' (N) = CSjJ(a) 
(I - XI)(I-X2)X, 

(nn) b' (n)[a,QI2(N)(I), QI2(n)(t)] = b' (n) = CSjJ(a)x, 

Let PI be the frequency of the (N) allele among sexually 
mature males (a" 9) and let/12(,,)(a, I) =/I (xx )(a, I) + 
h(xx)(a, t) be the number of females of age a at the time t 
and born in region I or II with (xx) being the female geno­
types INN, Nn, nn}. Genotypic (NN) females give (NN) 
offspring with a frequency of PI and (Nn) offspring with 
a frequency of I-PI' Genotypic (Nn) females give (NN) 
offspring with a frequency of p l 12, (Nn) offspring with 
a frequency of 112 and (nn) offspring with a frequency 
(i-P I )12. Genotypic (nn) females give (Nn) offspring 
with a frequency of PI and (nn) offspring with a fre­
quency of I-P I ' The number of the offspring for each 
category can be computed exactly: 

Region I : 

Region II : 

Region III : 
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